Many impact craters on Venus have unusual outflow features originating in or under the continuous ejecta blankets and continuing downhill into the surrounding terrain. These features clearly resulted from flow of lowviscosity fluids, but the identity of those fluids is not clear. In particular, it should not be assumed a priori that the fluid is an impact melt. A number of candidate processes by which impact events might generate the observed features are considered, and predictions are made concerning the theological character of flows produced by each mechanism. A sample of outflows was analyzed using Magellan images and a model of unconstrained Bingham plastic flow on inclined planes, leading to estimates of viscosity and yield strength for the flow materials. It is argued that at least two different mechanisms have produced outflows on Venus: an erosive, channel-forming process and a depositional process. The erosive fluid is probably an impact melt, but the depositional fluid may consist of fluidized solid debris, vaporized material, and/or melt.
INTRODUCTION

Recently acquired high-resolution radar images of Venus
The source area of the outflows appears sometimes to be beneath the ejecta blanket and sometimes within it (compare Figures 8a and 8b) . The apparent stratigraphic relationship between outflow and ejecta can be established in some but not all cases, and both relationships (outflow underlying ½jecta and outflow modifying ejecta) are evident in particular cases. The edge of the continuous ejecta may appear unmodified at the source area of the flow, or it may show extensive modification: the lobate outline may be destroyed or blurred and dark linear to arcuate features subparallel to the outflow direction may appear in the outer regions of the ejecta blanket. Often, the boundary between the continuous ballistic ejecta and the outflow deposits cannot be distinguished (Figure ld) .
The azimuth direction of outflows is most likely determined by local topography or impact direction, the only sources of asymmetry or preferred direction. Where the radial distribution of ejecta suggests an oblique impact, single outflows sometimes unambiguous data, the interpretation that many of the crater outflow features are depositional in origin is motivated by several observations: (1) the scale and gross morphology of these deposits are distinct from the channels described by Baker et al. [1991] . (2) The lobate planimetric form of the deposits closely resembles depositional features such as lava flows and debris flows. (3) The extraordinary width of the flows requires an extremely low cross-sectional aspect ratio (it is not possible for a channel to be several kilometers deep), which will make the assumption of unconstrained surface flow more useful in modelling the outflow process than the usual assumptions of semielliptical or semirectangular channels.(4) Erosive channels must have a "drainage region" where the fluid which excavates the channel is eventually deposited, whereas the crater outflows generally lack any such associated feature (with the notable exception of Figure 13 ), suggesting that the material which formed the outflows constitutes the observed deposit. (5) Assuming that crater outflows are caused by cratering events, they were most likely produced by a sudden, short-lived process, whereas the time scales for thermal erosion by lavas require continuous high-volume effusion for a significant period in order to form erosional channels. (6) The "streamlined islands" thought to represent uneroded regions between anastamosing crater outflow segments often show clear summit pits and generally circular outlines, in contrast to the genuinely streamlined islands in other channels. These are interpreted as small shield volcanoes, which are extremely common on Venus and are high enough (50 to 100 m) to stand above a depositional flow. The similarity between the "islands" in a clearly depositional lava flow from the large volcano Sif Mons (Figure 2a ) and in some crater flows (Figure 11) is extremely strong.
MODEL AND ANALYSIS
The rheological behavior of a broad class of geological fluids is often approximated by a plastic model, first described by Bingham [ 1922] where g is the acceleration due to gravity, p is density, and {z is the slope of the underlying surface. Figure 14 shows a diagram of the ideal predicted flow profile and an illustration of the various width measurements used in the model.
Thus, given a measurement of the slope of the surface (assumed constant), the width of the flow, and the width of the levees or margins at a given profile across the flow, (together with the acceleration due to gravity and an assumed density), we can estimate the yield strength at that profile:
as well as the central (and maximum) depth of flow at that point:
•0 2 = 2ww b a 2.
Integration of the profile function given above gives the cross- 
where k is the thermal diffusivity (about 7 x 10-7 m 2 s-1 for most silicate melts) and X is total flow length. Obtaining F from (8) and F? I from Hulme's method, q follows immediately. Given. our 3. There may have been large energy and pressure sources acting on the flows due to impact processes which might invalidate the simple model based on gravity alone [Schultz, 1991a ] . The impact energy may be coupled to the flowing debris by means, e.g., of an elevated transient crater rim, in which case the slopes measured at the present era would not be meaningful. Additional energy sources are difficult to correct for in the case of melt-rock flows, but may in fact be necessary to explain the very 4. The identification of the observed deposits as channels and levees or margins may bc incorrect. This is a matter of interpretation. For single flow events it is difficult to propose any other interpretation of the observed morphology, but the observed deposits could result from multiple flow events: a unit composed of several discrete flows would have a figure different from that predicted by Hulmc's model. This would render the analysis irrelevant. Some of the deposits are exceedingly complex and likely result from multiple flow events. Wc have chosen for this study, however, only the simplest and most straightforward deposits or sections of deposits, those which appear to result from single events. Nevertheless, there may be spurious interpretations included in the data set. Furthermore, there is the potential for major bias due to selection effects. Many flows are excluded from the data set because no levees or margins can be detected. It is possible that their flow levees are too small to be resolved by Magellan imagery or that the radar viewing geometry is unfavorable or that there are no levees. There is no way to distinguish among these cases. Flows with Newtonian rheology, however, should they be present, would be systematically excluded, since they do not form levees or margins.
METHODOLOGY
The raw data for this study were synthetic aperture radar ( 1. Immediately on impact, particularly for more oblique impacts, there may be "jetting" of high-temperature molten and vaporized material in both the uprange and downrange directions due to development of regions of extraordinarily high pressure at the interface between impactor and target. This process is over quickly, by the time the impactor has penetrated half its diameter into the target, but on the order of one projectile mass of projectile plus target material may be ejected (reviewed by Melosh [1988] ). The minimum mass of a projectile which can penetrate Venus's atmosphere without being decelerated too much to make a hypervelocity crater is of the order of 10 i2 kg, comparable to the estimated mass of the largest observed flows [Phillips et al., 1991] . The form that a deposit of jetted material on Venus would take is not known; it depends on the interaction of jets with a dense atmosphere. This subject is not well studied, but it may be similar to $chultz's picture of vapor cloud interactions (see below).
2. The next relevant phenomenon is the expansion of a vapor cloud or fireball. The target and impactor material vaporized by the impact is produced at extremely high temperature and pressure, and it rapidly expands, overtaking early ejecta and forming a strong shock front (reviewed by Melosh [1988] ). It may entrain some solid material, and it will begin to condense to liquid or solid particles as it expands and cools adiabatically. The character of the resulting expansion in understood in broad outline for near vertical impacts. On a planet with an atmosphere, the cloud expands until its pressure equilibrates with the atmosphere. The effects of oblique impacts are less well known. Some recent laboratory-scale experiments, however, have shown that in lowangle impacts the vapor cloud or fireball could be produced with substantial forward momentum, and it might be contained by the high atmospheric pressure on Venus and channelled into a ground-hugging turbidity flow or surge, rather than a classic hemispherical or mushroom cloud . The mass of material vaporized should be at least several times the mass of the projectile, and thus the vapor cloud would contain easily enough mass to supply the observed flows.
Crater Name Location b If different from crater name, i.e., when more than one outflow is used from a given crater.
c There are two outflows from these craters, although only one was included in this study. Postimpact volcanism could occur through circumferential fissures beyond the rim, although no evidence for such fissures is seen. The frequency with which crater outflows occur, however, in a variety of tectonic settings, argues against this mechanism. In at least one case, the large crater Cleopatra, lava from the interior escaped through a gap in the crater wall; this mechanism is not evident at most other craters, which generally have remarkably intact rims and uniformly bright, unfiooded inner terrace regions [Basilevsky, 1991] . Although postimpact volcanism can not be ruled out in particular cases, it is unlikely to be responsible for most of the observed outflows. at 19øN, 80 øE, originating at 18.1øN, 80.5øE and 19.5øN [1978] showed that gas loss during fire fountaining in terrestrial basalts may be responsible for the non-Newtonian properties of basaltic magma. Specifically, gas loss causes large degrees of undercooling (i.e., it causes the temperature of the magma to decrease relative to the liquidus temperature) by (1) adiabatic decompression; (2) raising the liquidus temperature; and (3) forcing the magma to mix with cool atmospheric gases. This undercooling causes rapid crystal growth, which dramatically increases both yield strength and viscosity. As noted above, the presence of dispersed solids is the primary cause of nonNewtonian rheology in any liquid. Also, crystallization leaves an increasingly silica-rich liquid fraction with a higher viscosity.
Furthermore, this mechanism affects the entire flow, whereas simple cooling (by radiation, conduction, or convection) affects only the skin of a flow. Thus lava erupted at Venus pressures, unable to lose volatiles, will likely have highly retarded crystal growth and thus will maintain for some time a smaller viscosity and a much smaller yield strength than the same lava erupted at Earth conditions. We are presently unable to quantify this effect or evaluate its relevance for superliquidus melt rocks.
Debris Flow Scenarios
Most preliminary work on the Venus crater outflows has implicitly assumed a melt-rock flow origin (e.g., Baker et al. From •o,,,-,-,-to,•,•,-,• t,.,-,,,; .... [wt, ip?;o ..,.4 ? Pyroclastic-type flows could originate by containment of jetted material or vapor cloud material. The most useful distinction may be that for an oblique impact jets are directed both uprange and downrange, whereas the fireball flow travels only downrange [Schultz, 1991a; Melosh, 1988] . Some craters, naturally, have ejecta distributions suggesting near-vertical impacts; many of these also have outflows, e.g., Aglaonice (Figure la) . Jetting may occur in such cases, but the direction would be arbitrary. Fireball containment as worked out above would not occur for vertical impacts. For oblique impacts (a more typical case than vertical), any deposit resulting from jet containment flow is likely to be seen in two opposite sectors, if it is present at all. In fact, some craters do have two flows, but they are not, in general, precisely opposite each other in point of origin. Also, two flows from different parts of a given crater are often very different in size and appearance, suggesting two different origins. Furthermore, most craters have flows originating in only one range of directions, which appears on the basis of ejecta patterns to be within 45 ø of the downrange direction. Also, the fireball involves a much greater mass of material than the jets, and fireball deposits would likely obliterate any earlier jet deposits. For these reasons, fireball containment flow appears to be the better candidate for origin of outflows from oblique impacts. Neither jet containment nor fireball containment is a likely process for outflows from nearvertical impacts.
Fluidized ejecta etnplacement. Ejecta fluidization is observed in several diverse settings. Impact craters on Mars often have an ejecta morphology suggesting emplacement by flow (Figure 2d Melosh [1979] , rejecting the ability of grain flow to generate the observed runout distances, proposed a new process: the exceptionally high mobility of these flows in the absence of water or air results from "acoustic fluidization" (see also Schultz and Gault, [1975] ). This is a speculative and controversial idea: confirmation or acceptance of it awaits more research, but it merits discussion here as a possible mechanism. Acoustic fluidization occurs when elastic pressure waves propagated through the solid phase by direct grain-to-grain contact randomly relieve the overburden pressure between adjacent grains and allow them to move [Melosh, 1979] . Acoustic fluidization should operate in a vacuum as well as in an atmosphere. The most appealing feature of these massive avalanche phenomena as an analogue for crater flows is their exceptional ability to retain kinetic energy over large distances; after gaining speed and energy by flowing down a steep gradient, they may continue across a flat region for several tens of kilometers and even climb over obstacles on the order of a hundred meters high.
It is observed that the "friction coefficient" H/L (i.e., the ratio of elevation drop to horizontal runout distance) shows a rough inverse correlation with flow volume. Melosh [ 1987] explains this correlation as resulting from the scale-dependent ability of a flow to retain acoustic energy, which is dispersed only from the surface of the flow and is therefore retained more efficiently in larger flows. As this energy is gradually lost during flow, the avalanche slows and eventually stops. This ought to result in a lava like increase in rheological parameters downstream. In order to test the correlation of H/L and volume for Venus crater outflows, it should be noted that the parameter H/L is related to the average slope down which the flow travels. Slope and volume are both determined in this study; the sample of crater outflows whose entire volumes were measured are plotted along with a number of large debris avalanches in Figure 17 . The slopes under Venus crater outflows are exceptionally low, clearly different from the trend for ordinary large debris avalanches elsewhere; this implies that energy due to acoustic fluidization would probably be insufficient to transport the flow over the observed distances. The other avalanches plotted, however, obtained their energy only from gravitational potential, proportional to the vertical fall distance H. In the case of Venus crater outflows, we expect an additional large nongravitational energy source from the impact process, which would be transferred to the flow either by atmospheric shock wave or seismic wave. Consequently, large volume crater flows may be expected to have anomalously small friction coefficients. If the energy supplied by the impact shock replaces the early steep fall associated with most large avalanches, then the long runout distances can be explained in spite of the extremely low slopes observed.
We can estimate the magnitude of the energy which the impact shock would have to supply to the flow to provide the necessary impulse for acoustic fluidization (neglecting dissipation due to atmosphere). Such a calculation may be used to test the feasibility of impact shock mobilization of sturzstroms with the observed volumes and friction coefficients. This analysis was applied only to those six craters where the entire outflow deposit was measured, as opposed to the segments or subunits measured for the other 11 outflows. Using the average regression line shown in Figure 17 , the difference between the H/L expected for the measured flow volume and the observed slope was obtained for each outflow. This was multiplied by the total length of the flows, leading to AH, the apparent missing fall height for the crater outflow. AH was multiplied by the acceleration of gravity to obtain, A • the specific energy or energy per unit mass apparently supplied to the flows to replace the missing gravitational potential energy as a source for acoustic vibrations. AE can be compared with the melting and vaporization energies to investigate whether it is feasible to accelerate solid flows by this means. Finally, given estimated flow volumes and an assumed density, A E was converted to an estimate of AE, the total nongravitational energy required. Table 2 '3ñ'05) ), calibrated from craters generated by shallowly buried nuclear explosions of known yield (reviewed by Melosh [1988] and Glasstone and Dolan [1977] ). Table 2 possible to account for the difference between the typical slopes of sturzstrom deposits and the crater flows using an impact energy source.
RESULTS
The average results of the rheological analysis for 17 Venus crater flows are shown in Table 3 There is a set of additional qualitative tests that should be applied to any model for crater flow formation. A leading observation to be explained is the azimuth of the flows, with respect to the impact direction for apparently oblique impacts and with respect to local topography, as well as the narrowly focused appearance of some flows and the broad splay of other flows. Although at first glance the fireball containment model seems to imply a narrow flow oriented directly downrange, P. H. Schultz (personal communication, 1991) believes that the initial momentum from the impact is likely to transport the flow only one or two crater radii straight downrange from the point of impact, to a point which will eventually be beneath the ejecta blanket. Beyond this, the cloud may separate into vapor and melt phases, and the direction of subsequent flow of the vapor phase will be controlled by local topography [Schultz, 1992] . This is consistent with the "tangential" appearance of flows at crater Carson (Figure l c) The presence of small shield volcanoes with 50 to 100 m relief which are not overtopped by the deposit (Figure 1 a) A satisfactory explanation of the existence of extended crater flow deposits on Venus requires a corollary explanation of their absence on other planets except perhaps for Earth, whose record •s rapidly obscured. Such an explanation is available for both melt rock flow and debris flow hypotheses, respectively: (1) rates of impact melt production are higher on Venus due to higher surface temperature and impact velocity, and melt separation processes are more efficient due to higher surface temperature and pressure and larger ejecta particle sizes; and (2) interaction with a dense atmosphere is required to contain the vapor cloud in a groundhugging turbidity flow. Both these explanations are subject to further experimental and theoretical testing.
